Ultraviolet light induces the formation of cyclobutane pyrimidine dimers and pyrimidine-pyrimidone(6-4) photoproducts in cellular DNA. In Escherichia coli, the uvrA, uvrB, and uvrC genes are necessary for excision of cyclobutane dimers. To determine whether the uvrABC gene products are required for (6-4) product removal from DNA, a sensitive HPLC assay was developed that allows the separation and quantitation of both types of photoproducts. Both the TOT cyclobutane dimer and the T-C(6-4) product were completely removed from the DNA after 2 hr of repair in a wild-type strain. Both products were also removed in the wild-type strain in the presence of chloramphenicol, an inhibitor of protein synthesis. No decrease in the amount of either TOT cyclobutane dimer or of T-C(6-4) products was observed in strains that were deficient in any one of the three uvr gene products under similar conditions. We conclude the uvrABC enzyme complex is required for excision of (6-4) photoproducts from E. coli DNA.
UV light induces lethal and mutagenic effects in Escherichia coli (1) . These effects are due to damage to the cellular DNA (2) . The uvrA, uvrB, and uvrC genes of E. coli are responsible for reversal of the effects of UV light (3, 4) . Bacteria that are deficient in one of the uvr genes show a decrease in UV survival and a higher frequency of UV-induced mutations than do uvr+ cells (5) .
The major type of UV light-induced damage is the cyclobutane dimer formed between adjacent pyrimidines in the DNA (6) . Recently, we have characterized a UV photoadduct called the pyrimidine-pyrimidone(6-4) UV-induced photoproduct (7). The products are formed in the DNA at =1/10th the frequency of cyclobutane dimers (8) . However, at certain sequences, the rate of formation of the (6-4) products exceeds that of cyclobutane dimers. Such hotspots for (6-4) product formation are also hotspots for induction of transition mutations in the lacl gene of E. coli (8) .
It is known that uvrABC competent strains of E. coli are capable of excision of cyclobutane dimers from the DNA (9) (10) (11) . Strains deficient in one of the three uvr genes are incapable of dimer excision. It is of interest to determine whether the uvrABC complex is also responsible for excision of UVinduced (6-4) products. We report here the development of a sensitive HPLC assay to detect both cyclobutane dimers and (6-4) products in DNA. We have used this assay to show that the uvrABC gene products are required for (6-4) product excision.
MATERIALS AND METHODS
Bacterial Strains. E. coli K-12 strains were used in all experiments. AB1157 (a uvr+ strain), AB1885 (a uvrB strain), and AB1886 (a uvrA strain), were provided by Eric Eisenstadt. AB1884 (a uvrC strain) was obtained from the E. coli Genetic Stock Center (Yale University, New Haven, CT).
Growth and Labeling of Bacteria. Bacteria were grown overnight in M9 medium containing Thr, Leu, Arg, Pro, and His each at 80 pmg/ml; thiamine at 1 ,ug/ml; and Casamino acids at 2 mg/ml. The overnight cultures were diluted 1:100 in 30 ml of the supplemented M9 medium that also contained deoxyadenosine (100 pg/ml) and [3H]thymidine (50 ,uCi/ml) (New England Nuclear; 20 Ci/mmol; 1 Ci = 37 GBq), and were grown at 37°C for 4 hr. The final concentration of bacteria was =1 x 109 cells/ml. Prior to UV exposure, the bacteria were centrifuged for 10 min at 1500 x g at 4°C and were resuspended in 50 ml of 0.1 M MgSO4.
UV Irradiation. E. coli were exposed to 254-nm light from a GE15T8 germicidal lamp at a rate of 10 J/m2/sec. The bacteria were irradiated in 150-mm plastic Petri dishes. After UV exposure, the bacteria were centrifuged at 1500 x g at 4°C for 10 min. For repair experiments, the bacteria were resuspended in YT medium, and were maintained at 37°C. After allowing time for repair (up to 2 hr), the bacteria were centrifuged, resuspended in 30 ml of 0.15 M NaCl/0.015 M Na3C6H507 and were centrifuged again. All samples, prior to DNA preparation, were suspended in 4.5 ml of 0.15 M NaCI/0.015 M Na3C6H5O7.
Chloramphenicol Treatment. Prior to UV irradiation of cells, chloramphenicol was added to the M9 medium, at a concentration of 10 ,ug/ml, 15 min before the first centrifugation. All subsequent solutions including 0.1 M MgSO4 and YT medium also contained chloramphenicol at a concentration of 10 ,ug/ml.
To demonstrate inhibition of protein synthesis due to the presence of chloramphenicol, an overnight culture of AB1157 was diluted 1:100 in 50 ml of M9-supplemented medium and grown at 37°C. After 1 hr, the culture was split in two, and 5 ,Ci of [3H]L-tyrosine (New England Nuclear; 50 Ci/mol) was added to each culture. Chloramphenicol was added to one culture at a final concentration of 10 ,ug/ml. The cultures were grown for 1 hr, and 1-ml samples were obtained from each culture every 15 min. To each sample, 1 ml of 20% trichloroacetic acid was added, and acid-precipi- Abbreviation: Thy(6-4)Pyo, 6-4'-[pyrimidin-2'-one]thymine.
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DNA Preparation and Acid Hydrolysis. Cells were lysed by the addition of 10 mg of lysozyme (Sigma). After the addition of 0.5 ml of 10% NaDodSO4, DNA was prepared by digestion with proteinase K (Beckman) and phenol/chloroform isoamyl alcohol extraction as described (12) . DNA was precipitated with 95% ethanol and was then centrifuged at 3000 x g at -100C. The DNA was resuspended in 1 ml of water. Prior to acid hydrolysis, the DNA was lyophilized and reprecipitated with 5% trichloroacetic acid. An aliquot of the DNA containing 5-10 gCi of 3H was dissolved in 1 ml of 100% trifluoroacetic acid and placed in sealed glass tubes as described (13) . The tubes were heated for 1.5 hr at 190'C. After completion of acid hydrolysis, the tubes were opened, and the trifluoroacetic acid was removed by lyophilization.
HPLC Analysis of Photoproducts. DNA samples were suspended in 100 ,1 of water containing authentic TOT cyclobutane dimer, thymine (Sigma) and 6-4'-[pyrimidin-2-one]thymine [Thy(6-4)Pyo] markers prior to injection on the HPLC columns. The TOT dimer was a generous gift of S.-Y. Wang; Thy(6-4)Pyo, the acid hydrolyzed T-C(6-4) product, was prepared as described (7). Two HPLC reversed-phase separations were required to resolve the photoproducts. In the first separation, two Waters gBondapak C18 columns in tandem were eluted by the following system: 1.5% acetonitrile for 20 min, followed by a gradient from 1.5% acetonitrile to 20% acetonitrile in 10 min. The columns were then eluted in 20% acetonitrile for an additional 10 min. The flow rate was 1 ml/min. TOT and thymine were detected by UV absorbance at 220 nm; Thy(6-4)Pyo was detected at 310 nm. Fractions (0.5 ml each) containing thymine were collected, and the radioactivity contained in each fraction was determined after the first HPLC separation. Fractions containing TOT and Thy(6-4)Pyo were pooled and lyophilized. The TOT and Thy(6-4)Pyo fractions were resuspended in 100 ,ul of water, and each compound was separated on a Whatman ODS-3 5-,um reversed-phase column. TOT was eluted from the column with 5% methanol; Thy(6-4)Pyo was eluted with 15% methanol. The flow rate was 1 ml/min. Fractions were collected every 0.5 min, and 10 ml of Biofluor (New England Nuclear) was added to each fraction. Radioactivity contained in each fraction was determined by liquid scintillation counting. RESULTS HPLC Separation of Photoproducts. To measure repair of UV-induced photoproducts, a sensitive HPLC assay was developed. E. coli were labeled with [3H]thymidine. After exposure to UV light, cells were incubated in nutrient medium to permit repair of the lesions. The DNA was extracted and purified and then treated with trifluoroacetic acid, a treatment that hydrolyzes the DNA to bases. Prior to HPLC separation, the labeled DNA bases and photoproducts were mixed with authentic nonradioactive markers of TOT cyclobutane dimer and Thy(6-4)Pyo. These compounds allowed UV detection of the photoproducts during the HPLC separation. These markers were chosen because TOT is the most abundant cyclobutane dimer, and Thy(6-4)Pyo, the acid-hydrolyzed form of the T-C(6-4) product, is the most abundant of the (6-4) photoproducts (6, 7, 14) .
Two reversed-phase HPLC separations were necessary to measure the amount of each product accurately. Fig. 1 shows the first step in the separation of the products. Although the products are well resolved in this separation, a second separation of TOT and Thy(6-4)Pyo was required to eliminate contaminating radioactivity. This is shown for both TOT and Thy(6-4)Pyo in Fig. 2 . Contamination resulted from 3H-induced modified bases (15) and, in the case of Thy(6-4)Pyo, radioactivity in the trailing fractions of the thymine peak. The amount of TOT and Thy(6-4)Pyo is given as a percentage of the total thymine radioactivity determined from the HPLC separations. posure and at times up to 2 hr after irradiation. petent for uvrABC activity have been shown most all of the cyclobutane dimers after 2 hr of Table 1 shows a time course for removal of DNA of the uvr' strain. About one-half of th removed by 30 min, and all of the dimers were 2 hr. Table 1 also shows the removal of the T-( from DNA. As with TOT, the lesion is enti from the DNA within 2 hr. The time course similar to that previously reported by Setlow as uvr Strains of E. coli Do Not Remove UV Products. The above results indicate that (6-4, removed from the cellular DNA in a strain e uvrABC activity. However, it is possible that s or activity other than the uvrABC complex is ir removal of (6-4) products. To test this possibili Table 1 . Amounts of photoproducts produced in u strains of E. coli exposed to 254-nm UV light The amounts of TOT and Thy(6-4)Pyo are given as the total thymine radioactivity determined for each Time is in hours after UV irradiation. All strains rece 200 J/m2, with the exception of uvrC, which receive J/m2. We attribute the differences in the initial amo products observed in the three uvr-strains to small the actual UV dose received by each culture. ficient in each of the three genes were exposed to UV light and allowed to repair the UV-induced damage for 2 hr after initial exposure. Table 1 shows the amount of TOT and Thy(6-4)Pyo found in the DNA immediately after DNA exposure and 2 hr after irradiation. As expected, the amount of TOT did not change appreciably during the course of the experiment for the uvrA, uvrB, and uvrC strains. Likewise, no signficant repair occurred for Thy(6-4)Pyo in any of the uvr strains. These results show that all three uvr genes are required for excision of both TOT and T-C(6-4) product from cellular DNA.
(6-4) Product Removal Does Not Require Induction of New Proteins. It is possible that the repair of (6-4) products is under the control of a gene other than uvrABC that is induced on UV irradiation. At the doses used for the study of repair in the uvr-strains of E. coli (100-200 J/m2), this gene could be inactivated as a result of UV-induced damage. To test this possibility, cells were treated with chloramphenicol, an inhibitor of protein synthesis.
Wild-type uvr' cells were exposed to 200 J/m2 of UV light 800 1000
and the cells were allowed to repair the damage for 2 hr in the presence of chloramphenicol (10 ,g/ml), a concentration sufficient to inhibit protein synthesis. Even in the presence [OT and Thy (6- of chloramphenicol the uvr' E. coli were able to remove coli DNA. The both the TOT cyclobutane dimers and the T-C(6-4) products ntage of the total (Table 1 ). These results show that UV-induced protein syn-.0, 100, and 100 thesis is not required for excision repair of both these ad-1, T-C(6-4) prodducts. The ability of the uvr+ E. coli to remove cyclobutane dimers in the absence of protein synthesis has been previBacteria comously reported by Swenson and Setlow (16) . to remove alFrepair (9, 11) .
DISCUSSION
TOT from the e dimers were The results reported here demonstrate that E. coli cells comrepaired after petent for uvrABC activity are able to remove both dimers 0(64) product and (6-4) products from the DNA. Strains deficient in one of irely removed the three uvr genes are incapable of dimer and (6-4) product of removal is excision. Both photoproducts are completely removed from nd Carrier (9) . the DNA after 2 hr of repair. Induction of newly synthesized -Induced proteins premutagenic lesions in the DNA. Hotspots for formation of 8 .2 x 10-3 these lesions are also hotspots for amber, ochre, and UGA <1.5 X mutations in the lacl gene of E. coli (8) . The UV-induced 1.8 x 10-2 mutation spectrum in the cI gene of phage X also suggests 3.4 x 10-3 that the (6-4) products are premutagenic lesions (18) . It is 1.5 x 10-2 known that cells incapable of excision of cyclobutane dimers 1.4 x 1o-2 are more sensitive to the lethal as well as the mutagenic ef-7.7 x 10-2 fects of UV light (6) . If the (6-4) products are premutagenic 5.5 x 10-2 lesions, then excision of such lesions should be deficient in 
